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Edited by Takashi GojoboriAbstract Synonymous codon usage of homologous sequences
between Methanococcus jannaschii and Methanococcus marip-
aludis have been analyzed in three broad functional categories
of genes namely: (i) information storage and processing; (ii)
metabolism; and (iii) cellular processes and signaling. Average
values of synonymous nucleotide substitutions per synonymous
site are signiﬁcantly lower for information processing genes com-
pared to either metabolic or cellular processing genes. These re-
sults suggests that synonymous codon usage has been subject to
greater constraint in the information storage and processing
group of genes compared to other functional categories of genes.
For metabolic and cellular processing genes, correspondence
analysis based on relative synonymous codon usage (RSCU) val-
ues separates the genes along the ﬁrst major axes according to
the genome type; while in the information processing group,
genes are separated along the second major axes according to
the genome type. Further study on synonymous substitution rate
for information processing genes shows a stronger selective con-
straint on synonymous codon usage of six amino acids, G,A,R,
P,Y,F. Randomization of the original transcript of M. janna-
schii for information processing genes suggests that variation
in selective constraint between synonymous codon usage is re-
lated to the potential formation of mRNA secondary structures
which contribute to the folding stability.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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energy1. Introduction
Non-random usages of synonymous codons both within and
between organisms are well documented in the literature [1–3].
Biased codon usage may arise from various factors. It has been
reported that mutational bias and/or selective forces are the
main driving force for the codon usage variation among the
genes in diﬀerent organisms [4–9]. In some unicellular organ-
isms, it has been demonstrated that translational selection is
the main factor in driving the codon usage variation among*Corresponding author. Fax: +91 33 2355 3886.
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doi:10.1016/j.febslet.2006.06.014the genes in these organisms as it has been observed that pre-
ferred codons in highly expressed genes are recognized by most
abundant tRNAs present in the cell [10–12]. Sharp and Li [13]
have demonstrated that synonymous substitution rate is signif-
icantly lower in highly biased genes than in those genes having
lower codon bias. Some recent results also suggest that diﬀer-
ence in codon usage is related to gene function [14,15].
Recently it has been reported that the thermophilic organ-
isms have a distinct pattern of synonymous codon usage com-
pared to mesophilic organisms [16] and subsequently it has
been shown that the diﬀerence in synonymous codon usage be-
tween thermophilic and mesophilic organisms is independent
of protein secondary structures [9]. However, variation of syn-
onymous codon usage between thermophilic and mesophilic
prokaryotes among diﬀerent functional categories of genes
have not yet been studied.
Here, in this study, we have culled 369 homologous gene
pairs from two archaea belong to same genus, Methanococcus
jannaschii and Methanococcus maripaludis, having similar
genomic G+C level but with diﬀerent optimal growth temper-
atures. We estimated the number of synonymous nucleotide
substitutions per synonymous site (dS) and the number of
non-synonymous nucleotide substitutions per non-synony-
mous site (dN) in three broad functional categories of genes.
We observed a signiﬁcant lowering of dS for information pro-
cessing genes of both the organisms, which suggests that syn-
onymous codon usage has been subject to greater constraint
in this group of genes compared to other functional categories.
Correspondence analysis based on RSCU values further sug-
gests that evolutionary constraints act diﬀerently in the three
functional categories of genes. It has also been demonstrated
that selection pressure also varies between diﬀerent synony-
mous group of amino acids and the greater constraint in the
selection of synonymous codons of GC-rich amino acids and
aromatic amino acids for information processing genes favors
the potential formation of mRNA secondary structures which
contribute to folding stability.2. Materials and methods
The complete genome sequences ofM. jannaschii andM. maripaludis
have been downloaded from ftp.ncbi.nlm.nih.gov/genbank/genomes.
Although, the growth temperatures of these two organisms are widely
diﬀerent but their genomic G+C contents are nearly identical. Theseblished by Elsevier B.V. All rights reserved.
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temperature adaptation of proteins [17,18]. M. maripaludis has a geno-
mic G+C content of 33.1% [19] and an optimal growth temperature of
35 C [18] whereas, M. jannaschii has an optimal growth temperature
of 85 C [20] and a G+C content of 31.84% ([17], www.
kazusa.or.jp/codon). Our own program developed in C was used to
retrieve the coding sequences from the complete genome.
Homologous sequences between M. jannaschii and M. maripaludis
were identiﬁed by gapped BLASTP program [21] using cutoﬀ of
E = 1.0 · 103. Hits less than 50% identity were removed from the
dataset. All hypothetical coding sequences, as well as genes having less
than 100 codons were ignored. Gene pairs having size diﬀerence lower
than or equal to 30 codons were retained. Finally 369 gene pairs were
selected for data analysis. All the gene pairs have been classiﬁed in
three broad functional categories of genes namely: (i) information stor-
age and processing; (ii) metabolism; and (iii) cellular processes and sig-
naling as described in COG database [22]. As a result, information
storage category consists of 108 gene pairs, metabolic category consists
of 228 gene pairs and cellular processes and signaling category consists
of 33 gene pairs. Pair-wise synonymous (dS) and non-synonymous
(dN) distance between the homologous genes of M. jannaschii and
M. maripaludis was calculated by using the method of Yang and Neil-
sen [23]. Synonymous codon usage bias was measured by calculating
the ‘eﬀective number of codons used in a gene’ (Nc) [24,25]. The values
of Nc range from 20 (when one codon is used per amino acid) to 61
(when all the codons are used with equal probability). Correspondence
analysis [26] available in CodonW 1.4.2 (J. Peden, 2000; http://
www.molbiol.ox.ac.uk/cu/) was used to investigate the major trend in
relative synonymous codon usage variation among the genes. The
Student’s t test and permutation test available in R-statistical package
were used to evaluate the signiﬁcance of pairwise diﬀerences in synon-
ymous and non-synonymous substitutions in diﬀerent functional
categories of genes. For each native mRNA sequence, 50 random
sequences were generated using the randomization protocol, Codon-
Shuﬄe [27], which randomly permutes synonymous codon in codon
degenerate family preserving the exact count of each codon and order
of encoded amino acids as in the original transcript. The Zipfold pro-
gram was used to predict free-folding energies for each native mRNA
sequence and corresponding shuﬄed sequence available at http://
www.bioinfo.rpi.edu/applications/mfold/old/rna/form4.cgi.3. Results and discussion
We estimated the number of synonymous nucleotide substi-
tutions per synonymous site (dS) and the number of non-syn-
onymous nucleotide substitutions per non-synonymous site
(dN) in three broad functional categories of genes (Informa-
tion storage and processing, Metabolism, Cellular processes
and signaling) of M. jannaschii and M. maripaludis. Student’s
t test was used to determine the P-values for the diﬀerence in
average values of either dN or dS between any two of the three
functional categories of genes. Table 1 shows the results. It is
evident from Table 1 that irrespective of the functional catego-
ries, dN is always signiﬁcantly lower than dS (P < 0.001 in all
the functional categories). On the other hand, dN does not
vary signiﬁcantly among the functional categories but a signif-
icant lowering of dS has been observed for information pro-
cessing genes compared to metabolic genes (P < 0.001) and
cellular processes and signaling (P < 0.05) (Table 1). These re-
sults were further conﬁrmed by permutation test, where dSTable 1
Average dN, dS values for three functional categories of genes
Information-processing Metabolic Cellular
dN 0.265 0.264 0.299
dS 3.227 3.650 3.645values of information processing genes is signiﬁcantly lower
than the dS values of metabolic genes (P < 0.05) and cellular
processes and signaling genes (P < 0.001). On the basis of this
result, we should expect more highly biased codon usage in
information processing genes for both the species because;
lower value of dS for information processing genes indicates
greater constraints on codon usage on this group of genes com-
pared to either metabolic or cellular processes and signaling
genes. In order to validate the above hypothesis, we calculated
the ‘‘eﬀective number of codons used by a gene’’ (Nc) for two
organisms in three functional categories of genes (Table 2).
The average value of Nc for information processing genes of
M. jannaschii is signiﬁcantly lower than the average values of
Nc of metabolic genes (P < 0.001) and cellular processes and
signaling genes (P < 0.001). Similarly, the average value of
Nc for information processing genes ofM. maripaludis is signif-
icantly lower than the average values of Nc of metabolic genes
(P < 0.05) and cellular processes and signaling genes
(P < 0.01). These results further support our notion that codon
usage bias for both the organisms is stronger in information
processing genes compared to other two functional categories
of genes.
In order to see how the optimal growth temperatures impose
selective constraints on codon usage of diﬀerent functional cat-
egories of genes, we have performed correspondence analysis
in three broad functional categories of genes. Since codon
usage by its very nature is multivariate, one of the most popu-
lar multivariate methods for studying codon usage variation is
correspondence analysis [26]. Correspondence analysis identi-
ﬁes the major trends in the variation of the synonymous codon
usage data and distributes genes along continuous axes in
accordance with these trends. Correspondence analysis on rel-
ative synonymous codon usage (RSCU) of information pro-
cessing genes detected two major trends on ﬁrst and second
axis of inertia. The ﬁrst axis accounted for 15.67% of the total
variation and second axis accounted for 13.77% of the total
variation. When correspondence analysis was performed on
RSCU for metabolic genes, ﬁrst major axes exhibited maxi-
mum variation of 17.75%, and second major axes accounted
for 9.86% of the total variation. Correspondence analysis on
RSCU of cellular genes detected one major trend on the ﬁrst
major axis and accounted for 18.56% of the total variation,
second major axis accounted for 10.48% of the total variation.
In all the three functional categories of genes, none of the other
axes accounted for more than 7.20% of the total variation. The
positions of the genes along the ﬁrst and second major axes
produced by correspondence analysis on RSCU values for
three diﬀerent functional categories are shown in Figs. 1–3.
From these three ﬁgures it is evident that, for metabolic and
cellular processing genes, genes are separated along the ﬁrst
major axis according to the genome type; while in the informa-
tion processing group, genes are separated along the second
major axis according to the genome type. Non-parametric
Spearman correlation coeﬃcients (q) have been calculated be-Table 2
Average values of Nc for three functional categories of genes
Information-processing Metabolic Cellular
M. jannaschii 36.595 37.466 37.977















Fig. 1. Positions of the genes along the ﬁrst two major axes in the
correspondence analysis based on RSCU values of information storage
and processing genes. Square boxes and ‘·’ represent putatively low-
and high-expression genes of M. maripaludis respectively. Diamonds
and triangle represent putatively low- and high-expression genes of M.
jannaschii, respectively. Square represents M. jannaschii genes and

















Fig. 2. Positions of the genes along the ﬁrst two major axes in the
correspondence analysis based on RSCU values of metabolic genes.















Fig. 3. Positions of the genes along the ﬁrst two major axes in the
correspondence analysis based on RSCU values of cellular processing
genes. Square represents M. jannaschii genes and triangle represents
M. maripaludis genes.
Table 3
Average synonymous substitution rate (dS) of native and shuﬄed
sequences of three functional categories of genes
dS (native) dS (shuﬄed)
Information-processing (Group 1) 2.6662 3.1363
Information-processing (Group 2) 2.0663 1.9954
Metabolic (Group 1) 3.2322 3.2926
Metabolic (Group 2) 1.7049 1.7867
Cellular (Group 1) 3.2330 3.3112
Cellular (Group 2) 2.0260 2.0083
Group 1 consists of amino acids L,S,T,V, K,N,Q,H,E,D,C,I,M,W.
Group 2 consists of G,A,R,P,Y,F.
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the ﬁrst major axis and GC content at diﬀerent codon posi-
tions. The positions of the genes along the ﬁrst axis in Fig. 1
correlates positively with GC content at ﬁrst (q = 0.300,
P < 0.01) and second codon positions (q = 0.723, P < 0.01)
and also GC content of the genes (q = 0.667, P < 0.01). But
no signiﬁcant correlation has been observed between the posi-
tions of the genes along the ﬁrst axis in Fig. 1 with the GC con-
tent at third codon positions. Axis 1 correlates negatively with
aromaticity levels of each gene (q =  0.519, P < 0.01). The
ﬁrst axis also clearly distinguishes ribosomal protein genes
(putatively highly expressed) from the regulatory genes (puta-
tively lowly expressed) of both M. jannaschii and M. maripalu-
dis (Fig. 1) indicating that the information processing genes
may have a greater range of expression levels than theircellular and metabolic genes. If we look into the corresponding
distribution of codons for three broad functional categories of
gene (Supplementary tables 1–3), it is evident that the major
contributors to this pattern for all the functional categories
are the arginine codons (CGN and AGR), although many
other codon groups also contribute to the separation between
the M. jannaschii and M. maripaludis.
Interestingly, when correspondence analysis of information
processing genes were performed on the basis of RSCU val-
ues after excluding: (i) codons representing aromatic amino
acids namely, Phe and Tyr; and (ii) all the codons from
Arg, Pro, Ala and Gly (all are GC-rich amino acids), genes
have been separated along the ﬁrst major axis on the basis
of the genome type (data not shown). These results lead us
to further investigate whether constraint on synonymous co-
don usage vary among diﬀerent synonymous codon groups
and more precisely to examine the variation of synonymous
substitution rate in GC-rich and aromatic amino acids from
other amino acids in the information processing group of
genes. For these we have calculated synonymous substitution
rate for two codon groups; one containing all the GC-rich
amino acids and aromatic amino acids and another contain-
ing remaining amino acids (Table 3). A signiﬁcant reduction
in synonymous substitution rate has been observed
(P < 0.001) for the codon group containing the GC-rich ami-
no acids and aromatic amino acids with respect to other syn-
onymous codon groups. The reduction in synonymous
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synonymous codon usage of GC-rich amino acids as well
as aromatic amino acids. A possible explanation for this
observation might be the presence of some constraints upon
mRNA secondary structure [28]. Eyre-Walker and Bulmer
[28] argued that reduction in synonymous substitution rate
at the start of Escherichia coli genes is the result of selection
to avoid mRNA secondary structure. To investigate if some
substitutions are really under selection to diminish mRNA
stability, the genes from three functional categories of M.
jannaschii have been randomized using the randomization
protocol, CodonShuﬄe [27]. For each native sequence, aver-
age value of the free folding energy of all the shuﬄed se-
quences has been calculated and a signiﬁcantly higher
(P < 0.05) free folding energy has been observed for shuﬄed
sequence compared to native sequence only in the informa-
tion processing group of genes, indicating additional selec-
tion pressure of mRNA secondary structure forming
potential on codon usage in this group of genes. This is con-
sistent with a signiﬁcantly higher average synonymous substi-
tution rate (P < 0.001) for shuﬄed sequences than native
sequence for the group of amino acids excluding G,A,R,
P,Y,F in information processing genes (Table 3). When the
same analysis was performed on the genes of other func-
tional categories, no signiﬁcant diﬀerence in synonymous
substitution rate has been observed between native sequence
and shuﬄed sequences in either metabolic or cellular process-
ing group of genes in two amino acids groups; one consists
of G,A,R,P,Y,F and the other consists of L,S,T,V,K,N,Q,
H,E,D,C, I,M,W (Table 3).
Considering the above results it is reasonable to conclude
that the inﬂuence of optimal growth temperature is not equally
eﬀective on the synonymous codon usage in the three major
groups of gene. While synonymous codon usage of metabolic
and cellular processing groups behave similarly towards the
higher growth temperature, synonymous codon usage of infor-
mation processing group has been shaped by the greater vari-
ation in the expression level of the genes and a smaller fraction
of the total variation in codon usage might be due to the var-
iation in synonymous codon usage between the species (Fig. 1).
Because of the closely relatedness of M. jannaschii and M.
maripaludis, evolutionary signiﬁcance of the present study
might be drawn considering the fact that, switch to mesophile
is an ongoing process in M. maripaludis, that is not yet com-
plete. Possibly the switching process of information processing
genes are proceeding in the same direction as the other genes,
but at a slower rate compared to other genes. For information
processing genes, the greater constraint on synonymous codon
usage of GC-rich amino acids and aromatic amino acids is
actually the causative factor to maintain the stability of
mRNA secondary structure. Although Lynn et al. [16] demon-
strated that the optimal growth temperature aﬀects synony-
mous codon usage of thermophilic bacteria; the present
study reveals that the strength of this selection pressure varies
depending upon the functionality of the genes. Study on syn-
onymous substitution rate clearly shows that selection pressure
also varies between diﬀerent synonymous group of amino acids
and the greater constraint in the selection of synonymous co-
dons of GC-rich amino acids and aromatic amino acids for
information processing genes favors the potential formation
of mRNA secondary structures which contribute to folding
stability.To conclude, while studying the temperature adaptation of
various macromolecules at diﬀerent growth temperature, the
environments of any mesophile/thermophile pair often diﬀer
in other environmental variables also. Any of these variables
other than optimal growth temperature might cause a diﬀer-
ence in various molecular levels. Keeping these facts in mind,
we have chosen two organisms in such a way that belong to
the same genus where phylogenetic relationships are expected
to be fairly accurate. These two bacteria can be used for the
comparative evolutionary studies on synonymous codon usage
as they have similar genomic G+C level, thus mutational bias
is less operative in dictating the synonymous codon usage.
When more and more completely sequenced thermophile/mes-
ophile genome pairs of the same genus will be available, it
would be interesting to compare those pairs to ascertain the
inﬂuence of growth temperature on the codon usage of genes
having diﬀerent functional categories.
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